Abstract. The performance of four heat stress indices was compared for response to known events. A 12-yr period of weather data was analyzed for occurrence of heat wave events at each of three locations--Grand Island and Concord, NE and Rockport, MO. Numerous 
Introduction
Heat stress, caused by a relatively intense combination of weather factors, can cause dramatic losses in livestock production systems ranging from short-term declines in growth to death. Beef cattle in intensive feedlots without shades or other protective measures are particularly vulnerable to heat stress. Accurate local weather data and awareness of conditions are vital to feedlot operators within vulnerable production regions. Mathematical models have been developed to describe the most dangerous combinations of climatic factors involving temperature, humidity, wind speed, and solar radiation and their impact on livestock. Various indices of heat stress for feedlot cattle have been developed to assist feedlot operators in making decisions about mitigation measures for stressful conditions, especially heat waves 1 .
It has long been recognized that hot weather has an adverse impact on livestock. Temperature and humidity are primary elements, and an initial index to recognize these factors was adapted for livestock from the Temperature-Humidity Index (THI), developed to evaluate human comfort (Thom, 1959) : THI = 0.8 t db + H R (t db -14.4) + 46.4
(1)
Where: t db = drybulb air temperature, C H R = relative humidity in decimal form
Temperature-Humidity Index was subsequently used by the transportation industry to provide livestock shipping guidelines during heat stress conditions (LCI, 1970) . Advisories were issued by the U.S. Weather Bureau based on the Livestock Weather Safety Index (LWSI), consisting of four THI categories: Normal, <74; Alert, [74] [75] [76] [77] [78] [79] Danger, [79] [80] [81] [82] [83] [84] and Emergency, >84 (fig. 1 ). However, budget cuts and increased availability of commercial weather services resulted in suspension of those weather advisories. Hahn et al.(1999) completed a climatological study to summarize the importance of heat waves and their effects on feedlot cattle. Hahn et al. (1999) reviewed 43 yr of weather records from Grand Island, NE. For that period, 42 heat waves were identified according to the definition of a heat wave as being at least three days duration with THI >70 for the entire day. From that data analysis, categories of heat wave intensity were developed and are presented as Table 1 . In addition to THI, duration of a heat wave and recovery during nighttime cooling are incorporated in the ratings.
It was recognized that environmental factors other than temperature and humidity (e.g., solar radiation, windspeed) and biological factors (e.g., heat tolerance/sensitivity, diet, acclimation to heat) modify the potential impact of given environments on feedlot cattle (Hahn et. al., 1999; 2003) . Other research efforts have helped document the importance of solar radiation and wind speed as modifying factors to temperature and humidity (Hahn and Mader, 1997; Gaughan et al, 2000; Lefcourt and Adams, 1996; Mader et al., 1999, and Eigenberg et al, 2005 ) . Three models have been developed to incorporate the impact of some or all of these factors (Eigenberg et al, 2005; Gaughan et al, 2002; and Mader et al, 2006) . This paper will focus on Mention of trade names or commercial products in this article is solely for the purpose of providing specific information and does not imply recommendation or endorsement by the U.S. Department of Agriculture.
these models and compare their performance against the original THI during heat waves that have occurred at specific locations.
Model Comparisons
A common climatic data set for specific locations over several years serves as the basis for comparisons. A manuscript currently submitted for publication (Bowles et al, 2007) , based on the work of Bowles (2004) , evaluated the classification system proposed by Hahn et al. (1999) for 39 locations in the central United States. The evaluation included 50 years of weather data (1945 -1995) . A summarization of the Bowles et al, (2007) study, presented in figure 2, shows the probability of experiencing a heat stress event. Rockport, MO is a location representing an area with a high probability of experiencing a strong, severe or extreme event nearly every year. Based on this summary, we used weather records (hourly measures of temperature, humidity, windspeed, and solar radiation) for an independent twelve year period (1995 -2006) to calculate heat stress estimates from three models, compared to the original THI for the events classified by Hahn et al. (1999) . A brief description of each of those models follows.
THI adj
Mader et al., (2006) 
Scoring of the THI adj was the same as used for the original index. We assigned scores as follows: 1 = Normal, THI adj <74; 2 = Alert, 74< THI adj <79; 3 = Danger, 79< THI adj <84; and 4 = Emergency, THI adj >84. Recovery was considered to be THI adj <70.
Respiration Rate Model
Respiration rate (RR) has been reported as a good indicator of stress level in feedlot cattle (Gaughan et. al., 2000 , and Eigenberg et. al., 2005 ). Eigenberg et. al. (2005 , using electronic respiration rate monitors, recorded RR every 15 mins on eight individually-penned animals during daylight hours over the summer months. Variables of temperature (t db, C), relative humidity (H R, %), wind speed (v w ,m/s), and solar radiation (r s ,W/m 2 ) were measured and a functional relationship was developed for RR for dry-bulb temperatures above 25 C. RR = 5.1 t db + 0.58 H R -1.7v w + 0.039 r s -52.8
On the basis of equation 3, equivalent THI thresholds shown in Table 2 were developed for respiration rates, assuming a solar radiation of 800 W/m 2 , a wind speed of 0 m/s, dry-bulb temperature range of 25 to 40 C, and relative humidity between 30 and 50%.
Accumulated Heat Load Units
The concept of Accumulated Heat Load Units (AHLU) was developed to estimate the effects of extended heat stress conditions on feedlot cattle (Katestone Environmental, 2007; www.katestone.com .au/mla/index) based on the Heat Load Index (HLI) developed by Gaughan et al. (2002) . The HLI incorporates the Black Globe Temperature (t bg , C) which can be measured directly (Bond and Kelly, 1955) 
where: H R , was relative humidity, % v w , was wind speed, m/s
The HLI is an estimate of heat gained during the daytime, but if heat is not dissipated during night time hours, units of heat (AHLU) are carried forward to the next day and the animal becomes more susceptible to heat stress. In addition, several factors are considered in establishing a threshold based on animal and management characteristics including: cattle breed, health status, coat color, degree of finish, and management factors of pen cleaning and shade availability. All of this was primarily designed to be used with weather forecasts, with the Australian web site giving associated 6-day forecasts for multiple Australian locations. The stress levels that are used are given in Table 3 .
For comparisons in this analysis, the following parameters were selected, similar to animal management characteristics used for the THI adj and RR models. Animal factors: Bos taurus, black coat color, healthy condition, 80 -130 days on feed, and management factors: no shade, drinking water temperature 20 -30 degrees, no extra waterers, no special ration, and no wet manure removal. These conditions set the model to accumulate Heat Load Units above a threshold value of 86. 
Climatological Database and Model Predictions

RESULTS
Grand Island, NE
Figure 3 represents conditions in Grand Island, NE for Julian Days 198 through 204, 1999 (July 17 -24) . The duration of the event is represented by the THI graph with associated precipitation amounts (trace on day 198) for the seven-day period. The event starts with a minor warm up, scoring a 2 (day 198), followed by two days scoring 3, two days scoring 4, then back to two days of 3's before the event is over. During that time, only two nights provided an opportunity for nighttime recovery (days 200 and 201 In this case again, there was a limited opportunity for nighttime recovery, but no days actually scored a 4. Small rain showers were experienced on four days (199, 201, 202 and 204) which kept the humidity extremely high, but also maintained cloudy skies. Based on the fewer THI-hr values in excess of 79, this was scored as a Mild event according to Hahn et al., (1999) . However, the models each show a relatively severe event with scores of 4 for each of the AHLU and THI adj models, and very high 3's for the RR model. Each of the three models also indicates very limited or no nighttime recovery reinforcing the classification as a relatively strong event. The model assessments concur with heavy death losses in feedlot cattle as documented by Mader et al. (2001) . More than 5,000 cattle died in feedlots located approximately 35 km southeast of the Concord weather station. This led to an additional analysis (fig. 5) based on weather data from a station at West Point, located approximately 60 km southeast of Concord, and about 35 km due south of the affected feedlots. This analysis shows a significant rainfall event of about 9 mm on day 197, 32 mm on day 199, followed by a smaller 8 mm rainfall on day 200, then clear skies on days 201 and 202. Accounts from producers in the affected area indicated a 50 mm event over those two days. They said that cattle began to collapse the afternoon of day 202, with additional losses on day 203. The majority of the losses occurred on these two days. Comparisons of the subtle differences between the weather stations showed that solar radiation and temperature were significantly higher on both days 201 and 202 at the West Point station compared to Concord, and we can only surmise that conditions were as severe or perhaps more severe at the affected feedlot locations as well. Relative humidity was extremely high for this temperature at both locations during this entire period, with low windspeeds (1 to 4 m/s). A comparison of model predictions for days 201 and 202, using both Concord and West Point data, shows a substantially higher THI and higher scores for each of the models for West Point conditions.
Concord and West Point, NE
Unfortunately, warnings to producers from these models were not available when this event occurred. We conducted a fact finding visit to four of the affected feedyards one week later (day 209), during an even more severe heat wave. Few if any deaths were observed, however, as the most vulnerable animals had probably already been lost and the survivors were more adapted to the high temperatures (primarily by decreasing feed consumption), as discussed by Brown-Brandl et al. (2007) . Climatic conditions up to the beginning of the initial event (day 199) were relatively mild for summertime, thus encouraging full feed consumption by the animals. In fact, the producers we visited stated that their animals maintained a high level of feed intake up through the morning of day 201, predisposing the animals to even higher vulnerability. Most of the producers certainly recognized that temperatures were elevated, but none were fully aware of the potential consequences or the imminent disaster, although several had begun to provide emergency wetting of their cattle before animals began to collapse. We cannot conclusively state the primary cause of this disaster because there were no hourly on-site weather records or full analysis of cause of death. However, it is obvious from the subtle differences noted between two weather stations located each within 35 km of the affected area that awareness of local microclimatic conditions can be vitally important during hot summers. Numerous feedyards were also located nearer to both West Point and Concord that did not report cattle losses, so this leaves the question open to suggest that the affected yards experienced even more severe local climatic conditions. This localized effect or large difference was also noted by Bowles et al. (2007) in their findings. They found a probability of a major heat wave event for Kansas City International Airport to be 39%, and to be 59% for Kansas City, Missouri just 35 km apart. There were local topographic differences contributing in that the Airport was located in the uplands, while the Kansas City station reflected the river bottom. The topographic differences in northeast Nebraska are not that diverse. However, it does support the need for on-site weather stations to give a more accurate account of real-time conditions which can be used to estimate real-time livestock response (Eigenberg et al, 2007) , and may provide an earlier alert to impending emergency conditions.
Detailed 12-year summer events at three locations are given in Tables 4, 5 and 6 for further comparisons of model performance and location and year effects. Cattle fatalities were associated with several of these events at nearby locations, but none as devastating or as localized as the 1999 event.
Location and Year Effects
The original four locations used in this paper were selected to give a range of climatic conditions across central and eastern Nebraska and an adjacent site in Missouri. The comparisons of the THI values across locations (top curve on each of the figures) agree with the distribution of expected severe heat waves presented in the map (fig 2) by Bowles et al. (2007) . This distribution is further supported in the results presented in the tables of events and severity for the 12-year period (1995 -2006) There is a considerable amount of variability among years in the number and severity of events as seen in Tables 4, 5 and 6. The 1999 season was exceptionally warm and humid as seen in the number of events occurring at each location. The hourly weather records provide detailed comparisons of the models during a selected very active heat wave across the region under discussion. The event selected was among the most severe across the area, and showed the advantages and limitations of each of the models.
Model Comparisons
Since each of the models was developed under somewhat different conditions, direct comparisons are not totally warranted. However, since the ultimate goal was to describe heat wave events to guide tactical management decisions to reduce losses, a limited comparison was made. In general, the THI was developed to bring together the main weather factors of temperature and humidity to better characterize their combined impact. While this was initially developed to assess human comfort, it also has been well suited for animal response. The development of the adjustment to THI represented the impacts of solar radiation and windspeed to more fully describe the environmental impact on cattle. In general, the adjusted THI characterizations are higher than THI, in that more daytime emergency scores of 4 are calculated with less nighttime recovery predicted. Conversely, the RR model, based on physiological responses of cattle, shows fewer level 4 scores, and numerous opportunities for nighttime recovery, even more than THI. The AHLU model was developed under Australian conditions which may or may not be a factor, but it is an accumulative predictor which carries over stress to the extent that nighttime recovery is insufficient. While this is an important concept, it seems to be excessive when applied to extreme events or locations such as depicted by the Rockport data for 1999 when the estimate continues to climb, in fact reaching 1300 for the worst conditions contained in these data (remember that 100 represents extreme risk). This may be due to that model not being appropriate for this environmental extreme.
So is the original THI no longer appropriate, the adjusted THI too conservative, the RR too insensitive, the AHLU model too extreme? There is no conclusive answer. Each of the models provides valuable direction for the producer, showing that excessive heat loads or heat responses are building within the animals. Evaluation of the critical event from Concord or West Point, NE in 1999 demonstrates that very well. Any one of the models would have given producers a clear indicator of serious stress within the animal, hopefully in time for producers to take some action. In fact, some producers did intuitively take action but still lost livestock to the oppressive event, demonstrating that not all the knowledge in the world will help to prevent all losses. The extent of the losses might have been reduced with earlier warnings and that is the intent for the use of these models. However, some stress reduction measures such as shade, diet adjustments, breed type, and pen design require much more advanced planning than a few hours. It is obvious that having strategic measures in place would allow a producer to take immediate tactical actions when (not if) extreme heat stress becomes a reality. There are other indicators of cattle stress which seasoned producers can recognize, which augment the use of a model as a warning. Panting, increased water consumption (presence at the waterer), lethargy or combative behavior, drooping heads, etc. are good signs but often come without sufficient reaction time. When animals collapse from the heat, it generally is too late for successful recovery.
Conclusions and Future Recommendations
A 12-yr period of weather data was analyzed for the occurrence of heat wave events as defined by Hahn et al, 1999, for each of three locations, Rockport, MO, Grand Island, NE and Concord, NE. Numerous events of varying intensity were detected at each location for each year. Temperature-Humidity Index (THI) values were part of the selection criteria and, therefore, used to show the duration of the event as well as represent a measure of stress intensity based solely on temperature and humidity. Three additional models have been developed to incorporate additional weather stress factors (wind speed and solar radiation) into respective index values to more fully describe heat waves in terms of animal response. Using hourly weather records, the heat wave index values were calculated for each model and compared to the THI values for a specific heat wave that moved across Nebraska and into Missouri during July, 1999. Each model correctly scored each event identified by the Hahn, et. al.,1999 criteria. However, in general the THI adj was more conservative and had higher scores, the AHLU, designed for accumulative (not daily) values was accurate unless extreme events occurred, and the RR model was less sensitive and indicated more recovery opportunity than all other indices. As such, mixing the use of the models would lead to confusion but application of any of the models would provide valuable information on the development of heat waves.
A close comparison of model predictions for a specific event in northeast Nebraska within 35 km of each Concord and West Point, NE weather stations demonstrated the impact of localized weather conditions that resulted in a devastating heat wave when over 5,000 head of feedlot cattle died over approximately 2 days. While none of the indices as evaluated for relatively close weather stations would have indicated a severe, life threatening event, variations among these nearby weather stations indicated that localized conditions were even more severe. Onsite weather stations might have given producers a valuable warning of an extreme event.
Although conclusive data are not available, contributing factors were: extremely high humidity following a substantial rainfall event (50 mm) which saturated the area, maximum solar loads due to clear skies, reduced or no airflow, and relatively warm temperatures. The cattle were also predisposed to hyperthermia by preceding cool weather that likely stimulated feed consumption resulting in high heat of digestion within the animal. The event also underscores the need for advanced planning to react to heat waves before they occur.
These comparisons were completed to stimulate discussion and to advance the development of an improved warning system for producers. The AHLU model is designed for that purpose in Australia. A similar development, using the RR model is being tested for the central United States. The THI adj model has also been modified to estimate a daily THI that might lend itself to future forecasts. Further questions that might be addressed are whether the placements of the various thresholds (normal, alert, danger, emergency and recovery) are appropriate or if a specific model needs to be adjusted. This presentation suggests that comparisons focused on more events such as the 1999 disaster in northeast Nebraska, might be helpful in answering these questions, especially if relevant climatic data were available for the site of the event. 
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